We suggest that the Higgs boson is a light composite state that does not emerge from TeV scale strong dynamics for any generic reason, such as when it is pseudo-Goldstone boson. Instead, a state that is Higgs-like and fairly decoupled from heavier states may simply be a reflection of very particular strong dynamics, with properties quite distinct from more familiar large-N c type gauge dynamics. We elaborate on this picture in the context of a strongly interacting fourth family and an effective 4-Higgs-doublet model. The origin of a decoupling limit and the corrections to it are discussed.
The discovery of the 126 GeV mass Higgs would appear to resolve the question of the origin of electroweak symmetry breaking, especially given the simplicity of the standard model description (SM) and the lack of any evidence of additional physics. But nagging issues of naturalness and the long list of parameters of the standard model suggest that we have not yet reached the end of the story. If the Higgs description emerges as only an effective low energy description then it is with the ultraviolet completion that the story can continue.
But ultraviolet completions that maintain the local Higgs description on scales at least an order of magnitude above the TeV scale are now facing their own issues of naturalness as well as a general lack of simplicity. Of course the reason to push the ultraviolet completions to higher scales is to avoid effects of the new physics that perhaps should already have been seen.
But we view the exact nature of the new effects to be a model dependent question, so that the generic estimates of the effects may be substantially modified by the structure of a particular theory or by difficult to calculate effects of strong interactions. With this in mind we feel that it remains worthwhile to consider the possibility that the Higgs description breaks down at no more than a few times the TeV scale, since it is in this case that issues of naturalness are most simply resolved. It may appear that nature has conspired a little to keep this nearby physics hidden from us, but we won't know by how much unless we study these theories further.
From the viewpoint of simplicity and economy, the main advantage of an ultraviolet completion at a TeV is that the fundamental matter degrees of freedom can be standard chiral fermions. Rather than exotically charged fermions, a sequential extension of the known fermions, a fourth family, can be considered. New fermions of a fourth family have masses that are bounded from above, 1 TeV, due to the fact that their masses would contribute to W and Z masses. The direct search for the heavy quarks of a fourth family have not yet saturated this bound, but the current lower limits on their masses do put the nature of new interactions involving the fourth family firmly in the strongly interacting regime.
In the case of a strongly interacting fourth family it is the condensates of the heavy quarks, the t ′ and the b ′ , that are likely the primary origin of electroweak symmetry breaking. We shall find that it is also important to include the effects of the t and the τ ′ , and so we include all four fermions in the set of heavy fermions we consider. They all contribute to the loop induced gg and/or γγ couplings of the light states of interest while the fourth neutrino ν ′ τ does not and so we choose to neglect it. A neutrino condensate does contribute to electroweak symmetry breaking but the error we make by neglecting it should be small. In addition if this neutrino mass is of the Majorana type then the mixing of the associated scalar mode with the other scalar modes should be suppressed. There are various contributions of both signs that the heavy fermions make to the S and T parameters, but a fourth family cannot as yet be ruled out solely by these precision measurements [1, 2] .
The discovery of the Higgs-like 126 GeV state presents some serious hurdles for any theory of dynamical electroweak symmetry breaking. There are basically three questions. We first comment on the second question. We are interested in the condensates that can
The fluctuations around these condensates include the neutral and charged Goldstone bosons. They may also include other rather light states, at least lighter than twice the heavy quark mass. The local fermion condensates are one manifestation of the symmetry breaking, but a better representation of the order parameters is provided by the momentum dependent dynamically generated fermion mass functions. Then differing fluctuations around these mass functions will also be characterized by their differing momentum dependence, that is by their form factors in momentum space.
The main question is the nature of the form factor of the lightest neutral scalar fluctuation (one for each flavor). The point is that this form factor may have a momentum dependence that is similar to that of the mass function.
1 That is the lowest lying scalar fluctuation of the mass function is close to being a fluctuating multiplicative factor times the mass function.
This means that the attachment of a low momentum scalar to a fermion loop hardly changes the value of the loop, or in other words the amplitude for an additional scalar is close to being σ(x)/v times the original amplitude.
2 This is a property of a linear sigma model description, in which the action is a function of v + σ(x). SU(2) × U(1) symmetry must also be manifest and so the approximate low energy description must be in terms of electroweak scalar doublets fluctuating about their vevs.
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We thus pursue an effective scalar field description in which we have four electroweak doublets,
This effective theory need only be well behaved for field values and field momenta less than a compositeness scale, at most a few times a TeV. The four doublets have
There is a rough proportionality between the vevs v i and the underlying dynamical fermion masses m i . This is seen in the one loop contribution to the W and Z masses which can be written approximately in the form
n i = 1 or 3 is the color factor and Λ i characterizes the scale of significant falloff of the mass function. The large t ′ and b ′ masses should be similar and they are basically determined so 1 As shall be discussed elsewhere [3] , the integral equations that determine the mass function and the form factor only differ by terms that become important in the infrared, that is by terms that implement an effective infrared cutoff in the respective integral equation. Thus the solutions will be similar for momenta above this cutoff. 2 In more detail one needs to distinguish v = f π and f σ , but again the (small) difference is due to terms that implement an effective infrared cutoff in the respective loop integrals. 3 The authors of [4] argue that this resemblance even extends to the sigma resonance of QCD. They obtained the σππ coupling in 2-flavor QCD from the I = 0 and J = 0 partial-wave projection of the elastic ππ scattering amplitude at the σ pole [5] . The value of the σππ coupling so obtained agrees very well with the linear sigma model prediction. This coupling is the analog of the Higgs coupling to W W and ZZ.
that the correct v emerges. Masses around 800 GeV would mean that they have roughly the same ratio to v as the constituent quark masses have to f π in QCD.
We see then that v is well below the compositeness scale ∼ 2m q ′ , as is needed for selfconsistency of the effective scalar description. This also means that Yukawa couplings are large, the Yukawa coupling of the Φ i field to the ith heavy fermion is
gives a Yukawa coupling ∼ 5 for the heavy quarks; this is pushing into the unitarity bound but this is just a reflection of an underlying strongly interacting (and unitary) theory. Also if the Yukawa coupling was probed on scales of the order of the compositeness scale or larger, a damping form factor would become apparent.
The τ ′ mass is likely closer to the t mass than to the t ′ and b ′ masses [6] . Thus we shall be assuming a clear separation between the large vevs v t ′ and v b ′ and the smaller vevs v τ ′ and v t . To be definite we shall set
with 
. h 1 has the Yukawa couplings
to the heavy fermions, and these also take values expected of a Higgs boson when s i = v i /v. In our framework there is no reason that it is precisely the s i = v i /v combination that is a mass eigenstate, but data tells us that the 126 GeV state is not too far from it.
We can now turn to the third question posed above. A fourth family yields additional loop contributions to Higgs couplings to gg and γγ and these couplings are typically driven very far from SM couplings. At least this is true for the combination s i = v i /v. In particular the h 1 gg loop amplitude relative to the SM value in the heavy quark loop approximation is
The fermion loop contribution to the h 1 γγ amplitude relative to the standard top loop contribution is v(
In this case both of the previous amplitude factors take the value of unity. 5 The h 1 coupling 4 The choice of v τ ′ = v t will simplify our discussion but it is not crucial for our results. 5 If the t ′ , b ′ and τ ′ contributions to these amplitudes were uniformly increased or decreased, perhaps due to W W and ZZ is then necessarily smaller, but it is only slightly smaller by a factor of
Thus only a change of sign of the small top component of the h 1 field, There remains the first question posed above: why is there any light scalar at all? We expect the (t ′ , b ′ ) sector to display an approximate SU(2) L × SU(2) R symmetry and so it will be useful to use a notation that makes this explicit. We define the fields U = (Φ t ′ Φ b ′ ) and
(these 2 × 2 matrices are not constrained to be unitary) that
Mass terms expressed in terms of these fields take the familiar forms (with Tr(
The mass mixing term plays an essential role in 2-Higgs-doublet models and it is clearly consistent with the SU(2) L × SU(2) R symmetry.
We can now construct the SU(2) L × SU(2) R symmetric quartic terms from the U andŨ to some new strong interaction effect we have neglected, then a further shift in s t could again bring both amplitudes back to unity.
fields. We have the one trace
and the two trace termŝ
More insertions ofŨ do not produce new terms.
Let us consider one particular degree of freedom σ(x) where
It is easy to see that the contribution to the quartic term
Therefore λ → 0 whenκ i → − (4) is large it gives a large mass to the other physical states. We shall refer to the combination of these two phenomena as the decoupling limit for a light scalar emerging from condensing t ′ and b ′ quarks.
We can now start to see the type of dynamics that is required to have a light scalar. From large N c arguments the two trace terms are O(1/N c ) suppressed relative to the one trace terms. In fact in Nambu-Jona-Lasinio models the two trace terms are typically ignored by invoking this large N c argument. The κ 2 , ...κ 5 terms are also usually not considered and κ 1 is estimated to be large [7] , so this precludes a light scalar. Similarly there is no light scalar in QCD or QCD-like technicolor theories. The strong interactions must be far away from a large N c limit to allow for a significant cancellation between the one and two trace terms, and thus we are led to consider a strong U(1) gauge group. (Normal color is an effective flavor with respect to this strong interaction and a two q ′ loop diagram has a flavor factor of three relative to a one q ′ loop diagram.) Purely structurally a U(1) may be the only choice for a new gauge interaction that acts on a fourth family, and possibly also the third [8] . We take it to be broken near the TeV scale so as to allow the heavy fermions to mix with lighter fermions.
The possible fixed point behavior of a strong U(1) at large N f [9, 10] ′ Rd + h.c., and so this operator must be present in the underlying theory. Similarly a replacement of a U with aŨ in a quartic term corresponds to an insertion of this operator. This operator cannot be generated perturbatively, and so it represents another distinct feature of the nonperturbative dynamics. This operator may contribute to the breakdown of the U(1), depending on U(1) charge assignments [8] . Four-fermion operators of this chirality changing structure have been argued to play a useful role in the generation of other quark and lepton masses [11, 12] , and in particular the top mass [13] .
We now turn to the couplings between the Φ t ′ , Φ b ′ fields and the Φ t , Φ τ ′ fields, where these couplings can be treated as SU(2) L × SU(2) R symmetry breaking effects. This will lead to corrections to the decoupling limit that are of order 1/t χ . We can define additional 2 × 2 fields, X t = (Φ t 0) and X τ ′ = (0 Φ τ ′ ), and thus obtain additional mass mixing terms in the scalar potential,
Each of these mass terms again has a corresponding four-fermion interaction in the underlying theory. We can also consider the quartic terms that are linear in the Φ t , Φ τ ′ fields. There are again one and two trace terms.
+ [2 trace terms with
Here we have only shown the terms involving X t ; there are an analogous set of terms involving
We note thatκ i ≈ − We now give the multi-Higgs potential in conventional form, and then we can relate the standard quartic couplings, the λ i 's, to the κ i 's andκ i 's. For the quartic terms we only keep terms to first order in the Φ t , Φ τ ′ fields as these will be sufficient for the leading O(1/t χ )
corrections. (We have included the m 2 8 term just to show its effect.) We also ignore charge parity (CP) violation and thus assume all coefficients are real.
We obtain the following relations for the terms that only involve Φ t ′ and Φ b ′ fields.
In the decoupling limit whereκ i ≈ − It might be expected that both κ 1 and κ 2 are positive and that the two insertions ofŨ in the κ 2 term result in κ 1 − κ 2 > 0. For the quartic terms involving Φ t we have λ 7 = κ 6 +κ 6 +κ 12 , λ 8 = κ 7 +κ 7 +κ 10 , λ 11 = −κ 7 + κ 10 + κ 11 + 2κ 11 , λ 12 = −κ 6 + κ 12 + κ 13 + 2κ 13 ,
There are analogous relations for the quartic terms involving Φ τ ′ .
We use the minimization conditions to eliminate to m 0 , m 1 and m 2 and thus write the mass matrices,
as follows, with [t, t ′ , b ′ , τ ′ ] as the basis order and where it is understood that the matrices are symmetric. 
We have defined Let us start by turning off all the terms in V that are linear in the Φ t , Φ τ ′ fields and only consider the 2 × 2 version of the above matrices for the Φ t ′ , Φ b ′ sector. These results will then be familiar from the 2-Higgs-doublet model with tan β = 1. The state
where we have used the relations in (12) . A neutral pseudoscalar,
a charged scalar h ± = (φ
and the next heavier neutral scalar
SU(2) L × SU(2) R symmetry implies λ 2 = λ 3 and thus a near degeneracy in the h 2 and h ± masses. In the decoupling limit
We also give the trilinear couplings involving h 1 that occur at leading order in 1/t χ .
The h 3 1 coupling is the SM value and the other couplings in the decoupling limit reduce to
From (26) η by adding S; this raises the vanishing eigenvalue and distorts the corresponding eigenvector. We have already seen how this eigenvalue can remain small compared to the next higher eigenvalues of all three mass matrices. We now need to see how the corresponding eigenvector can be close
First we see that the existence of such an eigenvector constrains the relevant mixing terms in the mass matrix,
By inspection of the mass matrix this then leads to the necessary constraints,
where λ a and λ b are defined in (21) . We note that λ a v ′2 and λ b v ′2 cannot be greater than ) and from the 1/t χ corrections that are present in the inner 2 × 2 block. The combined correction is found to give the 1/t χ term in the following.
The second sum is a representation of 2λ a after using (13) . For illustration if we take t χ (m We may also obtain the 1/t χ correction to the h
with λ h = 2λ 7 + 2λ 8 − 4λ 9 − 4λ 10 + λ 11 + λ 12 − 2λ 13 − 2λ 14 + λ 15 + λ 16 − 2λ 17 − 2λ 18 . This 1/t χ correction may also be relatively significant when compared to the anomalously small lowest order value.
We would now like to explore just how close we need to be to the mixing pattern we have described, that is how close to the relations in (30) we need to be, for consistency with the present data. For this it is sufficient to simplify things and set M and M 2 h33 is suppressed by 1/t χ and it could be of either sign, so we also set M
. We can then write
Insisting that all eigenvalues are positive implies that
The decoupling limit corresponds to when b is near the upper end of its range in (36). The relations in (30) become
The two lowest eigenvalues (as long as a + b 1) are approximately
The corresponding eigenvectors are approximately proportional to In Fig. 2a we display some quantities as a function of m As another possibility we point out a significant leeway that is still permitted by the data, which allows various Higgs couplings to be uniformly smaller (or larger) than in the SM. We show a fit to the combined data using HiggsSignals 1.2 [14] in Fig. 3 . It displays the correlation in the allowed scaling of the bb coupling (not squared) with the allowed uniform scaling of the γγ, τ τ and V V couplings. The reason for this is that the Higgs widths into each of γγ, τ τ and V V can all be smaller than in the standard model as long as the width into bb is also appropriately smaller. The latter reduces the total width and thus boosts the branching ratios up to the observed values. We mentioned earlier that the h 1b b coupling can receive a
The present data can easily accommodate a reduction in σ × Γ for γγ, τ τ and V V on the order of 0.85 that is compensated by a reduced total width due to a smaller bb coupling.
We thus perform a second scan over the c, d, e, f parameters where we assume that the total width is reduced by 0.85. The result is shown in Fig. 2b . The VBF or VH processes are now SM-like in size, but the square of the h 1 coupling to tt is now seen to be enhanced. The average value of m 2 h 1 /µ 2 is little changed at 0.014.
The couplings of h 2 are also determined in the scan and in Fig. 4 we show results for the first scan above (the second scan is similar). In Fig. 4a we show the gluon fusion production cross section for h 2 . The range of values grows very dramatically as m it would appear that a h 2 mass that is well below its maximum value could easily be ruled by the t and τ ′ components and so the sum of the squares of the h 3 couplings to t and τ ′ will be a factor of ≈ 2t 2 χ larger than the square of the SM Higgs coupling to t (and the same for h 4 ). Among the scalars h 2 , h 3 h 4 , the most interesting one may be the one with the largest product of production cross section and branching ratio to τ ′ τ ′ . With an enhanced cross section and significant branching ratio, such a boson could be accessible even with a large mass.
We have mentioned the Yukawa couplings of the scalar fields to the lighter families and the suppression of the flavor changing couplings of h 1 by O(1/t χ ). The heavier scalars can have flavor changing couplings that are not suppressed in this way, although in this case the higher mass of these states can produce a similar suppression. In both cases the ultimate size of these effects will be governed by the form of the Yukawa couplings. These couplings are induced by four-fermion interactions that couple light to heavy fermions and that reflect new flavor physics at scales up to ≈ 10 3 TeV. The structure of the underlying flavor physics may be such as to give rise to additional suppression of flavor changing neutral currents. This can occur through approximate symmetries in the effective theory, of the standard discrete type or of the continuous type [15] [16] [17] [18] . Approximate symmetries are consistent because of the natural UV cutoff of loop effects involving scalars.
In summary we have discussed some particular features of strong interactions involving a fourth family that could underlie the existence of a light Higgs-like scalar. We argued that "small N c " dynamics is necessary for a partial cancellation between the one and two trace contributions to the lightest scalar mass. This points to a strong and broken U (1) gauge interaction. The other required feature is a scalar mass mixing term, well known in 2-Higgs-doublet models, that pushes the other states to higher mass. The origin of this term lies with a four-fermion interaction of a certain chiral structure that cannot be generated perturbatively. These features of the strong interactions can allow one to be "accidentally"
close to a decoupling limit for a light scalar. We also commented on how it can be that a linear sigma model provides a good description of such a scalar.
The small mass of the t and τ ′ relative to the large mass of t ′ and b ′ implies a similar ratio of the vevs, and this small ratio determines the size of corrections to the decoupling limit. It also implies that the light scalar has small σ t and σ τ ′ components. When the relative sign of the σ t component is negative this changes the sign of the scalar coupling to the top quark.
We have shown how this can emerge via a 4-Higgs-doublet potential and how it is needed to bring gg and γγ couplings into line with the observed values. Experimentally the sign of the Higgs coupling to the top is accessible through the study of Higgs boson plus single top production [19] [20] [21] [22] [23] .
